Open reading frame 24 (ORF24) of murine gammaherpesvirus 68 (MHV-68) is conserved among beta-and gammaherpesviruses; however, its function in viral replication has not been defined. Using MHV-68 as a model, we have identified ORF24 as being essential for viral replication. An ORF24-null virus was generated and shown to be defective in late gene expression. Expression of early genes, as well as viral genome replication, was not affected. Furthermore, the defect in late gene expression was likely due to a deficiency in transcription. Thus, we have identified an MHV-68 protein, ORF24, that is essential for the expression of viral late proteins yet dispensable for viral DNA replication.
Murine gammaherpesvirus 68 (MHV-68) has been used to study the replication cycle of gammaherpesvirus due to its ability to lytically infect various cell lines, including those of human and murine origins (6, 17, (20) (21) (22) (23) . Open reading frame 24 (ORF24) is conserved among all beta-and gammaherpesviruses. Both ORF24 of MHV-68 and its human cytomegalovirus homolog (UL87) have previously been identified as being essential for lytic replication by genome-wide mutagenesis (7, 19, 25) . ORF24 of MHV-68 is 39% and 26% identical to the Kaposi's sarcoma-associated herpesvirus and Epstein-Barr virus homologs, respectively (23) . However, it does not have any significant homology to any cellular proteins. The gene product of ORF24 was found to be associated with MHV-68 virions, but its function is unknown (4) . Previously, array studies did not provide conclusive information regarding the kinetic class of ORF24 due to the lack of sensitivity of the arrays for less abundant transcripts (8, 13) . However, one group has classified ORF24 as being an early gene (1) .
To characterize this viral gene, an ORF24-null virus, 24S, was generated by the insertion of a triple stop codon with a PstI restriction site into the N-terminal region (nucleotide [nt] 40056) of the ORF24 coding sequence on the wild-type (WT) MHV-68 bacterial artificial chromosome (BAC) by allelic exchange as described previously (3, 10, 18) . A revertant virus (24R) was subsequently generated using allelic exchange of the 24S BAC plasmid with a FLAG-tagged WT ORF24 shuttle plasmid. Digestion with three restriction enzymes confirmed the correct genomic structure of the three viruses (Fig. 1A) .
Transfection of 24S BAC DNA into BHK-21 cells did not result in any detectable productive viral infection when surveyed for 7 days. However, when a FLAG-tagged ORF24 expression plasmid was cotransfected along with the 24S BAC DNA, a virally induced cytopathic effect was observed by 5 days posttransfection, similar to transfection with WT or 24R BAC DNA. Viral replication was further confirmed by examining the expression of capsid protein ORF65 in the transfected cells (Fig. 1B) . No capsid protein was detected in the transfection of 24S DNA alone. However, capsid protein expression was restored in the 24S transfection by complementation with an ORF24 expression plasmid. To reconstitute the 24S virus, 24S BAC DNA was transfected into the complementing cell line 293FT-ORF24. 293FT-ORF24 is a stable cell line derived from Flp-In 293 Trex cells (Invitrogen) and expresses FLAG-tagged ORF24 upon tetracycline induction. A stock of the virus was generated by passaging virus produced from the transfection of 24S DNA onto the complementing cell line multiple times.
To determine the replication capacity of the ORF24 recombinant viruses, a multiple-step growth curve was determined. BHK-21 cells were infected with WT, 24S, or 24R viruses at a multiplicity of infection (MOI) of 0.01, and the supernatants were harvested at various time points. The viral titer (50% tissue culture infective dose/ml) of the lysates was determined by limiting dilution on complementing cells (Fig. 1C) . The 24S mutant was unable to undergo productive viral replication and did not produce any infectious particles at any time point. This indicates that the level of WT-like revertant viruses is below our limit of detection. The WT and 24R viruses grew with similar kinetics and to similar titers. Taken together, the ability of an ORF24-expressing plasmid to complement 24S, and the restored growth kinetics of the 24R virus from 24S, confirms that the mutation in 24S is ORF24 specific and that the lack of productive infection is due to the deficiency in ORF24.
To determine the step in which 24S viral replication was inhibited, we examined DNA replication of the viral genome. Noncomplementing BHK-21 cells or complementing 293 FT-ORF24 cells were infected with 24S at an MOI of 2. After 1 h, the inoculum was removed, and total DNA was harvested at this time as well as at 24 h postinfection (hpi). The viral genome copy number was determined by quantitative real-time PCR using primers that amplified a region of the ORF57 promoter. At 1 hpi, there were approximately 3,000 copies of the viral genome per 10 ng of total DNA, and 24 h later, the amount of viral DNA increased to over 150,000 copies. Treatment with the viral polymerase inhibitor phosphonoacetic acid (PAA) resulted in a decrease in viral genome copy numbers to a level below the input amount ( Fig. 2A) . The amount of DNA was similar in both complementing and noncomplementing cells at early as well as late time points. This indicates the there were no differences in either the input amount of viral DNA or viral genome amplification between complemented virus and noncomplemented virus. To compare the viral DNA replications in cells infected with the recombinant viruses, BHK-21 cells were infected with WT, 24S, or 24R virus at an MOI of 3 in the presence or absence of PAA, and total DNA was harvested at 24 hpi. We found that the level of viral DNA replication was similar for all three viruses (Fig. 2B ). Similar to previous experiments, treatment with PAA resulted in a 2-to 3-log decrease in viral genome copy numbers, and this is consistent with previously characterized genome replication levels (3). Similar genome replication was observed in noncomplementing cells transfected with 24S (data not shown). Based on these data, we determined that ORF24 is not required for viral DNA replication.
Since we observed no defect in viral genome replication, we next looked for the expression of late antigens during the 24S infection of BHK-21 cells. At 24 hpi, expression of the capsid protein ORF26 can be detected in WT and 24R infections; however, this expression is abolished in 24S infection (Fig. 3A) . This defect in late antigen expression was also seen when ORF65 expression was examined. PAA treatment confirmed that these two proteins are truly late proteins. To confirm the infectivity of 24S, 293FT-ORF24 cells were infected with WT, 24S, or 24R virus. Lytic protein expression was restored in 24S during infection of the complementing cell line (Fig. 3A) .
To further look at the gene expression pattern of 24S infections, we analyzed the expression of several viral transcripts. RNA from WT-or 24S-infected cells along with RNA from uninfected cells were harvested, and transcripts were analyzed by Northern blotting (Fig. 3B) . We first looked at late gene expression by probing with the PCR products of ORFs 65, 52, 39, and 17. In all cases, the deficiency in ORF24 resulted in no expression of the late transcripts. Next, we probed the membranes with early and early-late genes. Consistent with the viral DNA replication data, expression of the early genes ORF54 and ORF57 was not affected in 24S infection, as the levels of these two transcripts were similar in both infections. Furthermore, we looked at the expression of the early-late gene M3. Expression of M3 was present during 24S infection but at a reduced level. To control for the even loading of RNA between the two infections, the membrane was probed with ␤-actin.
To further explore this mechanism, we examined viral promoter activity during 24S infection using a reporter assay. We chose to analyze the activation of promoters from both early and late genes. The early gene reporter plasmid for ORF57 (57pLuc) was a kind gift from S. Speck (Emory University) (12) , and the late gene reporters for ORF65 (pORI/ORF65 promoter-LUC) and ORF26 (pORI/ORF26 promoter-LUC) were described previously (3). BHK-21 cells were transfected individually with each reporter plasmid and then subsequently infected with WT or 24S virus. PAA treatment was included to assay the dependence on DNA replication. The early ORF57 promoter was activated several hundredfold in both infections, and this activation was not dependent on DNA replication (Fig. 4A) . The late gene promoters (ORF26 and ORF65) were activated several hundredfold in WT infection but minimally induced by 24S infection (Fig. 4B and C) . 
